Summary A cohort mortality study has been performed on French uranium miners having experienced more than 2 years of underground mining, with first radon exposure between 1946 and 1972 
Radon is a naturally occurring radioactive gas, inhaled by humans. It leads to environmental exposures especially in dwellings located in areas where the subsoil is rich in uranium or thorium. Occupational exposure may be to much higher levels; consequently the principal epidemiological studies focusing on the carcinogenic risk linked to radon exposure have been concerned with miners working underground.
In uranium mines the concentrations of radon and its decay products may vary considerably, depending mainly on ore grade and ventilation conditions. Working conditions have also changed over time. Most of the epidemiological studies published in the past demonstrated an excess risk of lung cancer for miners having experienced high radon exposures, both in Colorado (Archer et al., 1972; Waxweiler et al., 1981) and Czecho-Slovakia (Kunz et al., 1979) . More recent studies of uranium miners focused on lower exposures to radon in Canada (Muller et al., 1984; Howe et al., 1987) and in New-Mexico (Samet et al., 1991) . Studies of miners in mines other than uranium have also demonstrated the role of radon in bronchogenic cancer (Lubin et al., 1990; Radford & St. Clair Renard 1984; Morrison et al., 1988) . The results of these epidemiological studies and of certain animal studies (Cross et al., 1982; Chameaud et al., 1985) led the International Agency for Research on Cancer (IARC) in 1987 to include radon in the list of carcinogenic substances in humans (IARC vol. 43) .
The French uranium miners, followed in this study, have typically spent a relatively long time underground during which they were exposed to concentrations of radon and its progeny well below those characterising most of the other cohorts published. Indeed their mean annual exposures are comparable to domestic ones where radon gas concentrations lie between 500 and 1000 Bq.m-3. Our study will therefore allow (i) assessment of the risk of cancer after chronic inhalation of radon and its daughter products at low concentrations over a long working period, and (ii) testing of the exposure-effect relationship, mainly for lung cancer deaths, observed at these low exposure conditions.
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Materials and methods
Definition of the cohort Uranium mining began in France in 1946. The first mines, operated by the Commissariat 'a l'Energie Atomique (CEA), were in the Massif Central. In addition to these mines, some of which are still in operation, are those in Vendee and Herault. At the present time these mines are operated by COGEMA, a subsidiary of the CEA.
The miners' cohort has been defined from the annual dosimetric records and from files supplied by the occupational medicine sources and the administrative offices of the mines. It is important to note that the dosimetric monitoring of all the miners has been performed by the same monitoring unit of CEA since 1953.
The inclusion criteria are defined in terms of the period of first exposure and duration of exposure to radon and its decay products: this cohort includes all the uranium miners with a first experience of underground mining in the years 1946 to 1972 and with more than 2 years of underground mining. We have excluded miners with less than 2 years underground uranium mining experience because these miners may come from, or go to other mines, where radon exposure is ignored, and other carcinogenic substances may be present. They represent 18% of the total of underground miners having entered uranium mines between 1946 and 1972. Thirty-nine miners of foreign origin have been excluded from this cohort since their long-term follow-up was impossible. For the remaining, 1,785 underground miners, the follow-up to 31 December 1985 is complete for 99% of them. Most of these miners worked exclusively underground. Some of them, however, have also spent several years in open pit mines, with a minimum of 2 years of underground mining.
The end-point date of this study being 31 December 1985, the power of this study has been calculated for a mean duration of underground work of at least 13 years. On this basis, the number of person-years at risk is such that there is a power of at least 90% to detect a relative risk of 2 for lung cancer deaths in comparison to national male mortality with type I error of 5% (Hill et al., 1984) .
Follow up and identification of causes of death Identification of the causes of death within the framework of this cohort study has been difficult because there is no access to a national file of causes of death that includes identifying information. During their period of professional activity, the miners have been monitored medically on a regular basis (every 6 months) and all causes of death during this period are known by the occupational physician. Discovering the cause of death after retirement at the age of 55 called for considerable effort on the part of the occupational medicine staff of COGEMA in collaboration with local medical authorities. Several years were needed to trace all the causes of death. The procedure used was as follows:-once the cohort member is known to be dead and his last address known, precise cause of death was found by the occupational physician, using hospitals and local doctors; this approach, the only one possible at the time of the study, allowed us to find the cause of death of 96% of the deceased miners.
For the different causes of death from cancer, the primary nature of the disease has been verified. However, for three deaths, the only information available was 'generalised cancer' (coded 'unknown or ill-defined cancers ': ICD8: 195 to 199) .
Exposure history and data collection The main information concerning the history of dosimetric monitoring was given in a previous publication (Tirmarche et al., 1984 During the previous period, in the first quarter of 1953, some 40 measurements were taken using air samples collected in vacuum-packed one-litre bottles and then analysed in ionisation chambers. The first measurements of alpha radiation were performed in parallel on dust samples and the miners were provided with dosimetric films for measurement of external radiation. Between 1954 and 1956 , a large-scale experimental program was launched. This comprised in situ studies for assessment of variations in concentrations (air recycling, composition of blasting fumes, consequences of ventilation shut-down, emanation of radon from water present in the mine, behavior of radon and its progeny) and laboratory studies to evaluate the irradiation potential of different rocks, the efficiency of barriers designed to stop diffusion, and the physics of radioactive aerosols.
As a consequence, two periods must be distinguished during the exposure monitoring (Figure 1 ). In 1956 radiation protection units were sent to each mining division and measurements of radon and of the alpha activity were performed at strict time-intervals: three times a week for the radon concentration at each workstation, once during drilling, once after blasting upon the return of the miners, and once during ore loading. Several tens of thousands of analyses have been performed each year. The quantities of radon inhaled every week by each miner have therefore been defined on the basis of these data and the type of work performed. These values have been noted on individual data sheets which also included external radiation data as of 1956. This survey has been further improved in 1983 with the systematic introduction of individual alpha dosimeters.
From 1946 to 1955 there was no individual dosimetric recording and exposure has been determined retrospectively from available information characterising the type and duration of work of each miner and the characteristics of each mine. For the purpose of this epidemiological study, a working group of experts in radon dosimetry in mines and miners familiar with the working conditions during this period, has been convened in order to optimise the precision of the exposure attributed to each miner. This group was blind with respect to the health status of each miner.
Individual annual exposure to radon has been reduced considerably from 1956 onwards as a consequence of systematic recording of the exposure of all workers, the presence of a radiation protection officer at each site and improvements in working conditions, notably due to the introduction of large-scale ventilation in mines (Figure 2) .
1956 being an important turning point in the study, this cohort cannot be considered historically homogeneous in terms of exposure, since the working conditions and exposure recording techniques differ according to the period of entry to the mines. Consequently, the analysis of mortality has been performed not only for the whole cohort, but also for two subcohorts defined by the start of underground working: from 1946 to 1955 and from 1956 to 1972. The analysis of the exposure-response relationship takes into account the presence of these two subcohorts.
The present article focuses above all on the risk of bronchogenic cancer as a function of the cumulative exposure to radon and its progeny, considered as the main radiation risk factor for lung cancer. The role of the other radioactive components will be discussed in a later study, which will examine in particular the risk of cancer as a function of the organ dose resulting from the irradiation of the three radioactive components, radon, external gamma radiation and ore dust.
Reference population and statistical analysis The principal aim of this study has been to screen for an increased risk of death from cancer, mainly from lung cancer, with respect to a reference population, and to verify whether it increases as a function of the cumulative exposure to radon and its daughter products. Theoretically, miners who worked exclusively in open-pit mines should constitute a suitable reference group of the same socioeconomic level, differing only by the nature of the exposure. However the number of such miners between 1946 and 1972 has been relatively low, and screening for deaths in this population is continuing, but is incomplete at the present time. For this reason, the national male population is used as the reference population in this paper.
In the present analysis, the method of indirect standardisation has been used to compare the mortality observed in this cohort of miners with the mortality of the general male population of the same age over the same calendar period . The expected mortality is calculated by applying the national mortality rates per calendar year and per 5-year age range to the number of person-years corresponding to the cohort. The Person-Years software (Coleman et al., 1989) The exposure-response relationship is examined using the Poisson trend test (Breslow & Day, 1987) PYRijk: Number of person-years in age group j for calendar period k, that belong to exposure group i, where i is an 'exposure group', which contains all the persons-years whose cumulative exposure lies within the corresponding exposure interval. When computing the cumulated exposure, in accordance with previous studies on uranium miners, mainly the analysis of Hornung et al. (1987) on Colorado miners, a 5 year lag time has been used; in other words, for this type of chronic exposure, we assume that the risk of cancer for a given year depends on the radon exposure cumulated up to 5 years before. For instance a miner who cumulated 10 WLM in 1956, is assumed to manifest the risk linked to this cumulated exposure not sooner than 1961. Also, up to 5 years after the beginning of exposure, every miner contributes person-years to the 0 dose group. As a consequence, each miner contributes person-years to a particular exposure group as long as the cumulated dose lies in the range characterising this group. The five exposure groups studied are: 0-9.9 WLM; 10-49.9 WLM; 50-149.9 WLM; 150-299.9 WLM and > 300 WLM; the choice of these groups is constrained by the necessity to present relative large number of person-years per group. Dividing those that have cumulated less than 100 WLM in several subgroups, in order to get more information at very low exposures, has been tested, but the number of lung cancer deaths are low and the corresponding confidence intervals very high.
The mean exposure assigned to each group is the mean value calculated for the miners who have contributed to this group. If we use the mean value weighted by the person-years of each group, the corresponding trend test gives similar results.
The exposure-response relationship relies on the two following assumptions (i) the effect linked to radon exposure is proportional to 'natural' background mortality of the con- The fit has been studied by Poisson regression modelling and computed by means of GLIM software, using a generalised linear model with Poisson errors and an identity link function. This model was also used to test for the homogeneity of the linear exposure-response in the two subcohorts (before and after 1956), on the basis of the difference between deviances. The linear model has been chosen in most other uranium miners cohort and describes correctly the exposureresponse relationship between cumulated radon and lung cancer risk (Lubin et al., 1988; Beir IV, 1988) . Figure 2 and Table I respectively indicate the dosimetric and demographic characteristics of the cohort of French uranium miners. Figure 2 shows that even before 1956, at least 50% of the miners had not exceeded 11 WLM per year, a low exposure for miners working in that period. In 1956, there was a large decrease in annual exposure which then remained relatively uniform throughout the following study period. Table I indicates that the cohort has a large proportion (23%) of miners still working in 1985. The mean duration of underground working was relatively long (14.5 years), greater than, for instance, that of uranium miners in Colorado and Ontario (respectively median: 4 years and mean: 1.5 years) (Hornung et al., 1987) ; (Muller et al., 1984) . The mean cumulative exposure was 70 WLM for the French uranium miners, close to that of the Ontario miners (Muller et al., 1984) , but lower than in most of the other uranium miners studies.
Results

Cohort characteristics
This study therefore allows analysis of the risk of cancer as a function of low-level exposure spread over a period of more than 10 years. The number of person-years was 44,995, i.e. a mean follow-up duration of 25.2 years. At the end of the study, 80% of the miners in this cohort were still alive. The present cancer mortality is therefore highly dependent on the present age structure of the population.
Considering the characteristics of the two subcohorts as a function of the date of start of underground mining, revealed a higher mean cumulative exposure in the first sub-cohort (112 WLM compared with 37 WLM in the second subcohort) for an identical number of years of exposure. The duration of follow-up for those having entered in the second period is shorter and their mean age at 31 December 1985 is lower (55 vs 60 years). This second subcohort, having experienced low annual exposure to radon, with a mean cumulative exposure of 37 WLM, forms an interesting group for the evaluation of the risk linked to low chronic exposure, but as yet this study is lacking in power, because the group is still relatively young for the study of cancers like lung cancer which 'normally' occur at age 60 and above.
Mortality Tables II and III give mortality due to all causes, mortality due to malignant diseases (Table II) and mortality for main causes of death other than cancer (Table III) deaths, a statistically significant (P = 0.03) excess is observed for the whole cohort. The study of mortality in the two subcohorts shows that the excess of deaths due to lung cancer is statistically significant in both subcohorts, that the increase in cancer of the larynx is seen mainly in miners who started work before 1956, whereas the excess of deaths due to brain cancer is observed only in the miners who started work after 1955.
Among the causes of death other than cancer (Table III) , an excess of deaths compared with the general population is observed for the following: various external causes and respiratory diseases. Respiratory disease is heavily dependent on an excess of deaths due to silicosis (22 silicoses out of the 25 deaths by respiratory diseases), since during the period preceding 1954 dry drilling has been used and certain mines were rich in quartz. The excess mortality due to external causes includes all those from violence, accidents, suicide and accidents at work. Such excess mortality has been found in most studies of uranium miners.
Mortality due to cancer of the lung or larynx as a function of cumulative exposure to radon and its progeny The two types of cancer (lung and larynx) which occur in excess compared with the general population were studied for five exposure groups: < 10 WLM; 10-49.9 WLM; 50-149.9 WLM; 150-299.9 WLM; > 300 WLM. Table IV indicates, for mortality from lung cancer and a 5 year lag time, the different SMRs and their confidence intervals (67% confidence limits, analog of ± 1 standard error, but computed using the Poisson distribution) and the values used for the calculation of the trend test and the Poisson regression modelling. These 67% confidence limits make our data comparable to the summary data of four other cohorts presented in the BEIR IV report. As mentioned previously the mean exposure is calculated from the exposure of the individual miners having passed through this exposure group. It we use for the trend test the value weighted by the person-years, the results are comparable: we observe a significant trend in risk of lung cancer mortality related to the cumulative exposure to radon and its progeny (P = 0.03 for a one-tailed test; x2, = 3.63). Table V describes the variables used for the Poisson regression modelling of the SMR for lung cancer; as we consider the contribution of the two subcohorts, it should be mentioned that in the subcohort entering after 1955, only three exposure groups have been retained, no miner having cumulated more than 150 WLM; a total of eight exposure groups have been used in this analysis of deviances. by cumulative radon exposure among French uranium miners (5 year lag time) Figure 3 , computed by using the Poisson distribution. radon: 1946-1955/1956-1972. A large proportion of the deviance can be explained by cumulative exposure and the modification introduced by distinguishing the two subcohorts has a negligible contribution; there is no interaction between exposure and subcohort. Therefore the two subcohorts are not differentiated in Figure  3 It has to be noticed that the intercept at 0 WLM calculated by the Poisson regression model gives an SMR of 1.68 with a standard error of 0.4, indicating the difference of mortality from lung cancer within the miners' population in comparison to the national population. This difference is linked to socio-economic class, tobacco consumption and probably other carcinogenic substances that may be present in the mining environment. It may also be argued that the approach used for identification of cause of death in the cohort is more precise than that used for certification of death in the French population, the latter being the basis for calculation of the expected number of deaths by cause. At the time of our study, individual search for cause of death was the only approach possible. Recently the situation has changed in France and we hope to be able, in the near future, to give an indication of the possible bias arising from more accurate ascertainment in our cohort. We think that the bias linked to this approach is small for cancers like pulmonary cancers that are easily identified as primary cancers in the French sanitary system, but it may be greater for cancers like brain cancer, where the primary character may not always be identified. This reason has argued in favour of comparing the excess of this cancer in function of three codes of death (191, 192 and 238.1) of the general population.
The absence of a significant trend for laryngeal cancer mortality may be due to the relative low number of cases observed; it has to be mentioned that France has high laryngeal cancer mortality and the excess in our study may be due to co-factors like smoking or alcohol; but it cannot be excluded that in the presence of these 'background factors' radon may play some role.
Tobacco consumption is a well-known and important confounding factor for lung and laryngeal cancer; interviews of French uranium miners employed in 1988 has shown that the proportion of smokers, ex-smokers and nonsmokers is comparable to the distribution observed in the French male population (Hirsch, 1988) . We intend to carry out a nested case-control study for lung and laryngeal cancers in order to examine more precisely confounders such as tobacco, alcohol consumption and exposure to other components of the mining atmosphere.
Interest in estimating the cancer risk linked to radon exposure centres mainly on the risk of the public inhaling radon at very low doses in their dwellings. We consider that our study contributes to this estimation as it represents miners having experienced relative low annual exposures over a long working history, with a mean duration of radon exposure of 14.5 years, higher than in most of the US or Canadian studies (Waxweiler et al., 1981; Muller et al., 1984; Howe et al., 1987) ; we intend to increase the cohort of these French uranium miners having a low annual exposure by including those entering the mines since 1972, in order to be able to estimate more precisely the risk for exposure groups in the ranges 10-30/30-60/60-90/90-120 WLM.
Data on French uranium miners' individual exposures to gamma irradiation and long lived ore dust are available since 1959 and we intend to study these two components, as well as radon exposure, on the cohort of miners entering the mines after 1959. This cohort will represent a population with low annual radon exposure (1-3 WLM per year); an exposure of 2 WLM is equivalent to an annual domestic exposure to radon gas of about 400 Bq.m-3.
The analysis of these French uranium miners will be completed by an internal comparison analysis, as described in the BEIR IV report, taking into account factors such as age at first or last exposure, time elapsed since last exposure, and annual dose rate. This last point has been discussed by Darby et al. (1990) and Hornung et al. (1989) , postulating an inverse dose-rate effect. Our study does not seem to favour this hypothesis.
Conclusion
This first analysis of data from the French uranium miners has to be considered as one step in the study of cancer risk linked to low doses of radon. International collaboration with joint analysis of the data from the different cohorts or case-control studies will be more powerful than individual studies and will be the best approach to fixing limits of cancer risk linked to low radon exposures; most of the studies published in the past have focused on radon exposure at very high levels to which miners had been exposed in the years 1950-1960, when radon measurements were rare and the equilibrium factor often unknown. Consequently the individual exposures before 1960 have usually had to be reconstituted and may be less accurate than for the periods after 1960-1965, when systematic registration of radon measurements were implemented in most of the relevant countries. In France we have had complete systematic registration of the miners radon exposure since 1956, but at the end of 1985 the mean age of the young sub-cohort is still too young (mean age 55 years) for most of the potential risk of lung cancer to have been expressed. Follow-up over the next 5 to 10 years may give a more precise indication of the risk linked to very low exposures to radon and its decay products.
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